Two planarization approaches of the oxide-filled trench isolation have been evaluated. Results show that the oxidefilled shallow-trench isolation technology based on a chemical-mechanical polishing (CMP) process is difficult to control and has a poor uniformity. It also results in a dishing effect in wide field regions. On the other hand, a new planarization process can achieve an excellent uniformity and fully planar surface by using a combination of a masking polysilicon layer based on a CMP process, selective wet etching for oxide refill on active regions, short-time CMP process for oxide refill, and reactive ion etching etchback. Results also show that the high breakdown yield of the gate oxide and the low leakage current of the nt/p junction diodes with the novel planarization process demonstrates extremely low defect density from this process. This new process is a very promising candidate for oxide-filled shallow-trench isolation.
mance very large scale integrated (VLSI) devices and circuits, the isolation and planarization processes become more and more important. The local oxidation of silicon (LOCOS) isolation has been widely utilized in the high density dynamic ramdom access memory (DRAM) de- vice. ' 3 Furthermore, to achieve lithography limited dimensions and multilevel interconnections with highspeed performance, the planarizatiori process is another key processing step. The surface topography of integrated circuits is easy to planarize if the silicon wafer is planarized from the initial isolation process. However, the LOCOS-based isolation process results in a large encroachment of field oxide (bird's beak) into the devices' active regions, narrow width effect due to high-temperature oxidation, field oxide thinning effect,4 and nonplanar surface topography.
Therefore, the oxide-filled trench isolation technology is the most promising candidate to circumvent these problems.6'7 However, the conventional resist planarization and reactive ion etching (RIE) etchback process has cumulative tolerences associated with large film thickness and easily results in nonplanar surface topography.3 The etchback and planarization of oxide-filled shallow trenches based on a chemical-mechanical polish (CMP) process has been proposed to solve these problems.8'9 However, the CMP-only process shows problems with nonuniform polish and difficult control because there is no stopper for oxide etchback.'° Also, the CMP-only process results in dishing effect in wide field regions. 9 In order to overcome these problems and meet the stringent requirements mentioned above, an isolation and planarization technology which satisfies those requirements is required. This paper presents a novel planarization technique of oxide-filled shallow trenches to achieve an excellent uniformity and eliminate the dishing effect in wide field regions. It utilizes a combination of the formation of a masking polysilicon layer based on a CMP process with high etching selectivity,1' selective wet etching for oxide refill on active regions, short-time CMP process for oxide refill, and RIE etchback.
Test structures of shallow trench isolation and the process sequence are described. The experimental results on the removal rate and the etching selectivity based on a CMP process are shown. The dishing effect in wide field regions and the global uniformity of shallow trench isolation is also discussed. Finally, the electrical characterization is evaluated.
Experimental
In order to evaluate the removal rate of polysilicon film, a 600 nm thick poplysilicon layer was deposited by low pressure chemical vapor deposition (LPCVD) at 620°C on a 100 nm thick silicon dioxide layer which was grown on 6 in. p-type (100) silicon wafers by wet oxidation at 980°C. For the determination of the removal rate of silicon nitride film, a 200 nm thick LPCVD silicon nitride (SiN) layer was directly deposited on p-type (100) silicon wafers at 780°C.
Moreover, for the determination of the removal rate of CVD oxide film, a 500 nm thick LPCVD silicon dioxide was directly deposited on p-type (100) silicon wafers at 700°C. The polishing slurries (RODEL 2371 and SC-i) used in this experiment are colloidal silica in an aqueous KOH solution. Details on the slurries' properties are listed in Table I . The polishing pad is a microporous polyurethane material, and the hardness of pad is 52 62 Shore D. The flow rate of slurry was 200 mi/mm and the platen temperature was set 98°F.
The novel planarization process of oxide-filled shallow trenches considered in this work is shown in Fig. 1 . A new complete structure of the oxide-filled shallow trenches is shown in Fig. la con layer was deposited. The polysilicon layer was first polished at 4 psi with a dilute 3:1 slurry B listed in Table I until the polysilicon layer on the active regions was Figure 2 shows the schematic process sequence of oxide-filled shallow trenches based on a CMP-only process. A complete structure of oxide-filled shallow trenches is shown in Fig. 2a . After the shallow trenches were refilled, the CVDoxide layer was polished at 7 psi (47.6 kPa) with a dilute 2:1 slurry A as shown in Fig. 2b . After two planarization processes, wafers were cleaned and annealed in a N2 ambient at 900°C for 30 mm. Then, the SiN layer was stripped by a H3P04 solution. Finally, the pad oxide was removed by a buffer HF solution.
After the planarizatrion processes, the wafers were cleaned. A 10 nm thick silicon dioxide was grown by dry oxidation at 900°C. Next, the screen oxide was stripped by a buffer HF solution.
To invesigate the creation of defects during the planarization process, the MOS capacitors and the n7p junction were performed. After the gate oxide (9.5 nm) was grown by dry oxidation at 900°C, a 300 nm LPCVD polysilicon gate was deposited at 620°C and doped by POC13 at 950°C. After the wafers were cleaned, Al was deposited and annealed at 350°C in N3 ambient for 30 mm to make capacitors. In addition, to form the nt/p junction, arsenic implantation was performed through a S nm pad oxide at 60 keV with a dose of 5 x 10" cm2. After the implantation process, wafers were cleaned, and a 550 nm LPCVD oxide was deposited at 700°C. Next, wafers were annealed in N3 ambient at 900°C for 15 mm to form the nt/p junction. After the contact holes and aluminum contact were performed, wafers were sintered in a N2 ambient at 350°C for 30 mm.
Results and Discussion Figure 3a and b shows the removal rates of polysilicon, CVD oxide, and SiN with pressures of 4 psi (27.2 kPa) and 7 psi (47.6 kPa). The various ratios of water/slurry A and water/slurry B were used as shown in Fig. 3a and b, respectively. The removal rate of polysilicon is 175.3 nm/mm at 7 psi (47.6 kPa) with a dilute 2:1 slurry A as shown in Fig. 3a , while, the removal rate of CVD oxide is 116 nm/ mm and that of SiN is 50.5 nm/mm at 7 psi (47.6 kPa) with a dilute 2:1 slurry A. However, the removal rate of polysilicon reaches 405 nm/mm at 4 psi (27.2 kPa) and 560 nm/mm at 7 psi (47.6 kPa) with a dilute 3:1 slurry B, while the removal rate of CVD oxide is only 4.5 nm/mm at 4 psi (27.2 kPa) and 8.7 nm/mm at 7 psi (47.6 kPa) with a dilute 3:1 slurry B. Moreover, the removal rate of SiN is also only 4.4 nm/mm at 4 psi (27.2 kPa) and 8.65 nm/mm at 7 psi (47.6 kPa) with a dilute 3:1 slurry B. Within the polishing process (Westech Model 372M wafer polisher), the film on the substrate will be removed. The removal rate, dT/dt, of a film of thickness, T follows the Preston equation
where p is the applied pressure and ds/dt is the relative velocity between the film surface and the pad. K is the Preston coefficient.'2'13 Therefore, higher pressure results in a higher removal rate as shown in Fig. 3a and b. The removal rates of CVD oxide and SiN with slurry A are apparently higher than those of CVD oxide and SiN with slurry B. The reason is that smaller silica particles (slurry A) result in larger indentation stress.'3 This implies that the mechanical effect is the dominant factor of the removal process for CVD oxide and SiN. However, the significantly higher removal rate of polysilicon with slurry B is the high KOH concentration. Furthermore, the strength of the Si-Si bond is weaker than that of the Si-N or Si-O bond. Within the polishing process, the temperature is elevated due to the friction of the slurry particle, pad, and wafer surface.'3 Therefore, the chemical-removal process of polysilicon becomes the dominant factor of the removal process.'4 The chemical reactions taking place in water separating silica surface molecules from the bulk are pro-
The etch selectivity of CVD oxide with respect to SiN is low (<3) as shown in Fig. 4a . Therefore, there is no way to stop the oxide etchback. The etch selectivity of polysilicon with respect to CVD oxide and SiN is shown in Fig. 4a Figure 5a shows the scanning electron microscope (SEM) micrograph of 1 im wide field region of oxidefilled shallow trenches after the novel planarization process and the pad oxide/SiN layer stripped. According to Fig. 5 , the novel planarization of oxide-filled shallow trenches considered in this work can achieve a planar surface in narrow field regions. Figure Sb shows the SEM micrograph of oxide-filled shallow trenches after a CMP process process at 7 psi (47.6 kPa) with a dilute 2:1 slurry A and the pad oxide/SiN layer stripped. Although this CMP process can achieve a planar surface in narrow field regions, it is difficult to control due to low etching selectivity of CVD oxide to SiN. Figure 6 shows the SEM micrographs of 2 mm wide field regions of oxide-filled shallow trenches after the novel planarization process and the pad oxide/SiN layer stripped. No dishing of the field oxide in the adjacent active area is present as shown in Fig. 6a . Also, no dishing is observed 1 mm away from the edge of the large structure as shown in Fig. 6b . Therefore, the novel planarization of oxide-filled shallow trenches considered in this work can also achieve a planar surface in wide field regions. Figure 7 shows the SEM micrographs of 2 mm wide field region of oxide-filled shallow trenches after a CMP process and the pad oxide/SiN layer stripped. Slight dishing of the field oxide in the adjacent active area is present as shown in Fig. 7a . However, dishing (160 nm) is obviously observed 1 mm away from the edge of the large structure as shown in Fig. 7b . Figure 8 shows the dishing results using the CMP-only process and the novel process. Obviously, the CMP-only process results in dishing effect in wide field regions. This implies that in wide field regions, the reduction in the pressure is less significant due to the elasticity of the pad. 9 This results in a continued polishing of the oxide after the CVD oxide and SiN interface is reached. However, the novel planarization process of oxide-filled trench isolation with variable size and pattern factor can eliminate the dishing effect in wide field regions and achieve fully planar surface. Figure 9 shows the dishing distribution for 1 and 100 p.m wide field regions across 6 in. diameter silicon wafers. The measured points are shown in the inset of Fig. 8 . The global deviation of dishing of the novel process is less than 10%. Therefore, the novel planarization process of oxidefilled shallow trenches considered in this work can achieve an excellent uniformity because the oxide refill underwent polishing only for a short time. Moreover, to form the masking polysilicon layer and remove it by the CMP processes is well controlled and will not influence the surface topography and uniformity due to high etching selectivity of polysilicon to oxide and SiN with slurry A.
Gate oxide breakdown field histograms of metal oxide semiconductor (MOS) capacitors with the novel planarization process considered in this work and the conventional CMP-only process are shown in Fig. 10 . The high breakdown yield of the novel planarization process demonstrates extremely low defect density from this process. Figure 11 shows the leakage current distribution of the junction diodes (area = 0.01 cm2). Compared to the CMP-only process, the lower leakage current of the /p junction diodes at 3.3 V with the novel planarization process can be achieved. This also implies that low defect density results from the novel process considered in this work.
Conclusions
There is no way to stop oxide etchback. However, high etch selectivity of polysilicon to CVD oxide and SIN can be achieved by using a slurry with a high KOH concentration and large silica particles. Selectivity is pressure dependent. Two planarization approaches of the oxidefilled trench isolation have also been evaluated. The oxide-filled shallow-trench isolation technology based on a CMP-only process is difficult to control and has a poor uniformity. It also results in dishing effect in wide field regions. On the other hand, a novel planarization process is well controlled and can achieve an excellent uniformity and fully planar surface by using a combination of formation of a masking polysilicon layer based on a CMP process, selective wet etching for oxide refill on active regions, short-time CMP process for oxide refill, and RIE etchback. Results also show that the high breakdown yield of the gate oxide and the low leakage current of nt/p junction diodes with the novel planarization process demonstrate extremely low defect density from this process. This new process is a very promising candidate for oxide-filled shallow-trench isolation.
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Introduction
The fast increase of packing density in recent ultralarge scale integration (ULSI) is demanding more tightly controlled device isolation technology. The requirements of the isolation technology at subquarter micron design rule are focused on minimized bird's beak length, planar surface, deep oxide depth, and less field oxide thinning. '3 Shallow trench isolation (STI) is the best solution in principle, but the practical problems, such as planarization and sidewall inversion prevent STI from receiving wide acceptance in production.45 Since the recessed silicon in a LOCOS structure can similarly affect STI, it becomes a popular technique in recent isolation technology.68
Although the recessed silicon in LOCOS improves the oxide volume ratio, field oxide thinning, and isolation ability due to deeper oxide depth, the simple addition of recessed silicon in conventional LOCOS structure causes larger bird's beak due to lateral oxidation through the sidewall of the recessed substrate. Thus, the use of spacers at the pad nitride edge to give offset and lateral sealing is inevitable to prevent bird's beak encroachment as long as the silicon substrate is recessed.7'9 Polysilicon, chemical vapor deposition (CVD) oxide, and nitride have been examined as candidate material for the spacer, and many results showed that nitride was the most effective for the lateral sealing.37"0" Thus, the recessed LOCOS structure with nitride spacer (which we call the R-LOCOS structure) is believed to be a strong candidate for subquarter micron design rule isolation structure.
In this study, our experiments are focused on field oxide growing at R-LOCOS structure, and we report an anomalous phenomenon which is found only at very small isolation spacing.
R-LOCOS Process
The process sequence of the R-LOCOS structure is illustrated in Fig. 1 . A thin thermal oxide is first grown as the pad oxide and followed by LPCVD nitride deposition as the pad nitride. The nitride and oxide stack is etched down along the photoresist mask. After stripping the photoresist, wafers are immersed into dilute HF solution to etch off the pad oxide completely in the open areas. Subsequently, a thin low pressure CVD (LPCVD) nitride film is deposited to cover the entire surface. The nitride spacer is formed by reactive ion etching (RIE) etching the thin nitride film as shown in Fig. ic using CF4 /CHF3/Ar chemistry with a pressure of 220 mTorr and an RF power of 1000 W. Afterward, the silicon substrate is "recessed" by etching in an inductively coupled plasma as shown in Fig.  id using Cl,/N2 chemistry with a power of 50 mTorr, a bias power of 80 W and a source power of 380 W. In this experiment, the thicknesses of the thin nitride film and the overetch target of the nitride spacer etch are in the range of 300 to 500 A and 40 100%, respectively. The recess depth of silicon is in the range of 300 to 500 A. After silicon etching, the remaining nitride thickness nonuniformity in the active area is less than 10% over 8 in. wafers (5% caused from nitride deposition and 5% from dry etching).
